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With the purpose of enhancing the purity of a dilute industrial aluminum alloy during Ohno Continuous
Casting (OCC) process, the melt mechanical stirring direction which can effectively and uniformly trans-
port the accumulated solute rich liquid ahead of the solid-liquid interface into the bulk melt was numer-
ically determined. Steady axial and transverse convective velocity cells were induced into the melt
through mechanical stirring (at the same intensity) to produce rotational convective flow fields near
the solid-liquid interface and their effect on solute transport were compared. For the same mechanical
stirring intensity, axial stirring produced stronger melt velocity flow magnitudes than transverse stirring
and these convective axial cells deeply penetrated the solute boundary layer. Due to the concave shape of
the interface, axial stirring cells non-uniformly thinned the solute boundary layer producing a deep
depression at the centre of the solute boundary layer whereas transverse stirring uniformly and weakly
thinned the solute boundary layer. It was concluded that, with concave interfaces, the use of transverse
stirring with higher velocity magnitudes in the melt is effective in uniformly thinning the solute
boundary layer to produce pure, uniform and unidirectional ingots. For more flat interfaces, axial stirring
was found to be a better method of uniformly thinning the solute boundary layer to produce uniform and
ultrapure ingots without destabilizing the interface.
 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
During solidification of an alloy, solutes are rejected ahead of
the solid-liquid interface due to their low solubility in solid com-
pared to liquid when the distribution coefficient is less than a unity
[1]. The excess solutes rejected from the solid will accumulate as
an enriched boundary layer ahead of the interface through which
solute transport is solely through atomic diffusion. The mode of
redistribution of these excess solutes accumulated at the solid-
liquid interface during solidification is a key factor determining
the final ingot purity [2]. To enhance ingot purity, the liquid phase
should be stirred adequately to avoid accretion of a layer of
impurities at the interface [3]. Forced convection in the melt near
the interface helps in accelerating the transport of excess solutes
from the growth interface into the bulk melt to yield a vanishingly
thin solute boundary layer [2,4]. This method will produce pure
ingots since the solute impurities will be continuously ejected fromthe solidifying ingot and transported back into the bulk melt. Using
external forces, such as electromagnetic fields, mold vibration and
rotation and mechanical stirring, it is possible to damp or enhance
melt convection for the purpose of either producing homogeneous
or pure ingots, respectively [5].
The application of external stirring forces in the melt to control
solidification behavior of metals is now well advanced and widely
adopted [6,7]. Mullin and Hulme [8] in 1958 equipped the zone
refining process with an alternating magnetic field and obtained
an enhanced purification rate in semiconductors due to forced melt
mixing. In their study on electromagnetic stirring during crystal
growth, Lan et al. [9,10] and Ma et al. [11] showed that axial mag-
netic fields produce axial convective cells that are stretched in the
growth direction resulting in enhanced mixing at low magnetic
fields. With the purpose of improving homogeneity of doped crys-
tals, Stelian et al. [12] applied alternating magnetic fields into the
melt using a coil placed around the crucible in the vicinity of the
interface to induce strong mixing and the effect of varying the elec-
tromagnetic field parameters to produce doped crystals of uniform
composition was investigated. Lyubimov et al. [13] showed that
high frequency vibrations normal to the solid/liquid interface exert
a destabilizing effect whilst tangential vibrations may suppress the
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mity of solidified crystals, Farrell and Ma [14] investigated the
effects of magnetic field orientation and strength on the segrega-
tion of alloyed semiconductor crystals and observed that an axial
field produces axially uniform crystals whilst a transverse field
produces laterally uniform crystals. Using a low Rotating Magnetic
Field (RMF), Walker [15] investigated the flow structure in the
Bridgman configuration and concluded that severe segregation
could be induced due to non-uniform flow near the interface. In
our work [16], we determined the optimum axial stirring intensity
necessary to purify dilute industrial aluminum during Ohno
Continuous casting. In another work, with the purpose of obtaining
compositionally uniform aluminum ingots during Ohno Continu-
ous casting, I investigated the effect of electromagnetic brakingFig. 1. Schematic diagram of the horizontal OCC process.
Fig. 2. (a) Axial stirring with a 50 mm  50 mm  5 mm stirrer. (b) Mesheto natural convection and determined the optimum magnetic
intensity required [17]. Okayasu et al. [18] examined the solidifica-
tion characteristics of Al-Si, Al-Cu and Al-Mg binary alloys during
directional solidification.
In this work, the best mechanical melt stirring orientation
required to produce pure and unidirectional aluminum ingots dur-
ing OCC process was numerically determined. This was achieved
by computing velocity flow fields and solute redistribution pro-
duced by axial and transverse stirring using the same casting speed
and stirring intensity. For the purpose of operating in a lamina flow
regime to avoid interface instability, a stirrer, rotating at a low
speed, was used and the best stirring direction capable of purifying
aluminum was determined. Melt stirring during OCC helps to pro-
duce substantially pure and long ingots before the bulk melt com-
position becomes enriched in solutes, and once the melt is
significantly enriched in solutes, then it is discarded and the pro-
cess is stopped.2. Ohno Continuous Casting process
Ohno continuous casting is a heated mold casting process used
for producing ingots/wires with unidirectional properties [19,20].
The process is reliable in producing high purity wires and rods
required mostly for the telecommunications industry and modern
science technology e.g. video and audio cables [19]. The use of a
heated mold prevents solidification inside the mold, and this elim-
inates the conventional casting associated defects thereby produc-
ing superior ingots. Fig. 1 shows the schematic of the OCC process
where the molten metal is introduced into the heated mold and
solidification begins just outside the mold exit.d geometry for axial stirring with 50 mm  50 mm  5 mm stirrer a.
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aluminum rods for optoelectronics applications. Pure aluminum
rods are currently in huge demand in the video and audio industry.
For detailed description of the OCC process and analysis of involved
process variables more information can be obtained elsewhere
[21,22]. Enhanced solute transport from the interface into the bulk
melt purifies aluminum even when operating at high casting
speeds.
3. Model and solution procedure
3.1. Configuration
The OCC of 80 mm diameter aluminum ingots using axial and
transverse melt stirring is considered in this simulation and the
heated mold and ingot cooling regions of OCC considered are
shown, respectively, in Figs. 2a and 3a for axial and transverse
stirring. The stirrer size was 50 mm  50 mm  5 mm for both
cases and small cylinders around the stirrers show the prescribed
axial and transverse rotation of melt as required by the Multiple
Reference Frame (MRF) model in Computational Fluent Dynamics
(CFD) Fluent 12.1 solver. The solid-liquid interface position during
solidification was controlled (by cooling) to be near the stirrer
which was positioned at about 30 mm in the melt from the mold
exit. The meshed geometries, respectively, are shown in
Figs. 2b and 3b for axial and transverse stirring.
3.2. Solidification model
The set of governing equations of mass, momentum, energy and
solute for the solidification process based on the continuum modelFig. 3. (a) Transverse stirring with a 50 mm  50 mm  5 mm stirrer. (b) Meshof Benon and Incropera [23,24] and used in our previous work [16]
are summarized as:
(i) Mass conservation equation
@q
@t
þr:ðq u!Þ ¼ 0 ð1Þ
where q is the density, u
!
is the velocity vector.
(ii) Momentum conservation equation
@ðq u!Þ
@t
þr:ðq u! u!Þ ¼ rpþr:ðllr u
!Þ  ll
K
u
!þSm ð2Þ
where p is the pressure, ll is the dynamic viscosity of the melt, K is
the permeability constant of the mushy zone, Sm is the momentum
source which can be either due to mechanical or magnetic stirring.
(iii) Energy conservation equation
@ðqHÞ
@t
þr:ðqH u!Þ ¼ r:ðkrTÞ þ Sh ð3Þ
where H is the enthalpy, k is the thermal conductivity, T is the tem-
perature and Sh = source term due to heat released in the phase
change region during solidification.
The liquid fraction is assumed to be linearly proportional to
temperature as:
fi ¼
1 when T P Tl
TTs
TlTs when TlP T P Ts
0 when T 6 Ts
8><
>:
ð4Þ
(iv) Solute conservation equation
@ðqCiÞ
@t
þr:ðq½f l ul
!
Ci;l þ ð1 f lÞuc
!
Ci;s
¼ r:½qf lDi;m;lrCi;l þ ð1 f lÞqDi;m;srCi;s  Sc ð5Þed geometry for transverse stirring with 50 mm  50 mm  5 mm stirrer.
Table 1
Thermophysical properties of the Al 0.296 wt%Cu alloy.
Property Unit Symbol Value
Density kg/m3 q 2700
Specific heat J/kgK Cp 900
Thermal conductivity w/mK K 200
Diffusion coefficient of Cu in solid m2/s Ds 5e13
Diffusion coefficient of Cu in liquid m2/s DL 6e9
Reference temperature K T 938
Viscosity of melt Pas l 1.3e3
Partition coefficient of Cu in Al – k 0.14
Melting heat kJ L 390
Eutectic temperature K T 821
Eutectic composition of Cu(Al-Cu) – C 0.33
Thermal expansion coefficient – b 1.2e4
Table 2
Initial and boundary conditions.
Property Units Value
Nominal melt temperature K 938
Heat transfer coefficient of Al in air w/m2k 100
Heat transfer coefficient of Al in water spray w/m2k 8000–50,000
Temperature of the heated mold K 938
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the diffusion coefficient, Sc is the source term governing the
convective transport of solute rejected from the mushy zone. The
subscripts i, l, c, m and s represents the species number, liquid, cast-
ing, mixture and solid respectively.
The mixture quantities are defined by the following auxiliary
relationships:
f l þ f s ¼ 1;H ¼ HLf l þ Hsf s;D ¼ DLf l þ Dsf s; k ¼ klf l þ ksf sFig. 4. (a) OCC solidification (solid = 0, liquiWith the assumption of local equilibrium, the energy and spe-
cies conservation equations are closed using the equilibrium phase
diagram.
3.3. Solution procedure
The OCC solidification process with internal melt stirring was
solved basing on the continuummodel [23,24] shown in Section 3.2
using CFD Fluent 12.1 solver with the aid of the User Defined
Subroutines and User Defined Functions (UDFs) for source terms.
Stirring was modeled and incorporated into the momentum source
term using the Multiple Reference Frame (MRF) model. Pressure-
velocity coupling was done with the SIMPLE (Semi-Implicit
Method for Pressure) algorithm and pressure was discretized by
the PRESTO! (PREssure STaggering Options) method. The Scheil
microsegregation model was used for modeling local solute redis-
tribution in the solidifying region. Although the Scheil micro-
model assumes a higher purity ingot due to assumption of zero
solid back diffusion of rejected solutes, the main purpose was to
compare the effect of axial and transverse convective flows on
solute transfer from the solute boundary layer. Thermo-physical
properties of the dilute aluminum alloy and the initial and bound-
ary conditions used in the simulation are summarized in Tables 1
and 2 respectively. The aluminum alloy considered is composed
of copper as a major impurity with other minor impurities. The sig-
nificant impurity in dilute industrial aluminum is copper and a
copper concentration of 0.296 wt% used here is from the practical
average composition of dilute industrial aluminum alloys. The pur-
pose here is to obtain pure aluminum, so copper is regarded as the
impurity. Axial and transverse stirring directions were simulated
for the OCC of 80 mm diameter ingots using a casting speed of
1 mm/min and a stirring rate of 3 rpm (rpm) for 60 s after the pro-
cess has reached steady state. The solidification model used wasd = 1) and, (b) temperature profiles (K).
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found in literature.
4. Results and discussion
4.1. Comparison between axial and transverse stirring directions
The results of the temperature and solidification profiles of the
OCC process are shown in Fig. 4(a, b) which show the solid fraction
and temperature profiles predicted during solidification for a
steady process. Fig. 4a shows that the position of the stirrer (close
to the phase change region) and also the thin phase change region
(mushy zone) can be clearly observed.
Simulation results of steady state solute redistributions in
absence of melt stirring (XY and XZ planes) are shown in Figs. 5
(a, b) and 6(a, b), respectively. These steady configurations were
later used with axial and transverse stirring, respectively. Both
Figures show that the positions of the stirrers are at the same dis-
tance from the solute boundary layer in the XY (horizontal) and XZ
(vertical) directions. A similar solute boundary layer behavior to
this one was also observed by Tiller et al. [25].
Figs. 7(a, b) and 8(a, b), respectively, show the 2D and 3D solute
redistribution for axial stirring in XY and XZ planes and it can be
seen that for the stirring intensity used, the efficiency of solute
transport at the peripheries of the solute boundary layer is small,
especially in the XY plane. Figs. 7(a, b) and 8(a, b) show that due
to the interface concave shape, the centre of the solute boundaryFig. 5. Two dimensional (2D) steady solute redistribution (wt%) along the ingot c
Fig. 6. Two dimensional (2D) steady solute redistribution (wt%) along the ingot cenlayer is too close to the stirrer such that axial convective cells
deeply penetrate the solute boundary layer at its centre causing
a deep depression while regions surrounding and away from the
centre of the solute boundary layer experience little stirring and
penetration.
Figs. 9(a, b) and 10(a, b) show the 2D and 3D solute redistribu-
tion profiles formed (in XY and XZ planes) when using transverse
stirring direction. The formed convective transverse cells weakly
penetrate the solute boundary layer compared to axial stirring,
but penetrate it uniformly without forming some depression. A
good comparison between axial and transverse stirring directions
can be made using Figs. 8(a, b) and 10(a, b) which show front
and plan (perpendicular to the solute boundary layer in the casting
direction) views of the solute boundary layers produced by axial
and transverse stirring. These plan views (Figs. 8(b) and 10(b))
show that axial stirring is more effective in transporting more
solutes from the centre of the solute boundary layer than trans-
verse stirring.
Comparison of front views (Figs. 8(a) and 10(a)) show that axial
stirring transport solutes from the solute boundary layer in a non-
uniform manner resulting in a big depression at the centre of the
solute boundary layer whereas transverse stirring uniformly thins
the solute boundary layer. The disadvantage of using axial stirring
in presence of a concave interface is that it is impossible to create
uniform velocity magnitudes around the solute boundary layer and
this may destabilize the solid/liquid interface. For the peripherals
to be adequately stirred, the centre of the solute boundary layerentre in absence of melt stirring for axial stirring (a) XY plane (b) XZ plane.
tre in absence of melt stirring for transverse stirring (a) XY plane (b) XZ plane.
Fig. 8. Three dimensional (3D) solute redistribution (wt%) in the solute boundary layer in presence of axial stirring (a) side view (b) plan view.
Fig. 9. Two dimensional (2D) solute redistribution (wt%) along the centre in presence of transverse stirring (a) XY plane (b) XZ plane.
Fig. 7. Two dimensional (2D) solute redistribution (wt%) along the centre in presence of axial stirring (a) XY plane (b) XZ plane.
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causes the solid-liquid interface to be unstable.
The velocity magnitudes produced for both axial and transverse
stirring are shown in Figs. 11(a, b, c) and 12(a, b, c), respectively,
and show that axial stirring produces stronger velocity magnitudes
than transverse stirring. However, axial stirring velocity fields
cover a small area/volume compared to those occupied by trans-
verse velocity flow fields. Comparison of Fig. 11(b) with Fig. 12(b) shows that axial stirring is stronger in the XY plane near the
interface than transverse stirring, this result in strong penetration
of the solute boundary layer. Comparison of Fig. 11(a, c) with
Fig. 12(a, c) show that transverse stirring is effective in uniformly
stirring the melt compared to axial stirring. Furthermore, axial
convective velocity flow fields magnitudes are stronger near the
interface than they are for transverse stirring. Thus, these results
show that axial stirring is good in producing convective cells which
Fig. 10. Three dimensional (3D) solute redistribution (wt%) in the solute boundary layer in presence of transverse stirring (a) side view (b) plan view.
Fig. 11. Axial stirring velocity field magnitudes (m/s), (a) XZ plane (y = 0) (b) XY plane (y = 0) and (c) YZ plane (x = 72).
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stirring. However, according to a research by Lyubimov et al.
[13], it should be considered that strong convection in the axial
direction exert a more destabilizing effect to the interface com-
pared to transverse direction which on the contrary tend to stabi-
lize the morphology.
Nevertheless, the penetration rate of axial stirring is not as uni-
form as it is in transverse stirring, especially if the solid-liquidinterface becomes more concave. Thus, for effective stirring it can
be concluded that: (i) if the solid-liquid interface is concave, trans-
verse stirring becomes the best method to use since it can uni-
formly thin the solute boundary layer without destabilizing it,
and (ii) if the interface is more flat, axial stirring becomes a suitable
method since the solute boundary layer will be experiencing uni-
form axial velocity magnitudes and will not be destabilized under
optimum stirring.
Fig. 12. Transverse stirring velocity field magnitudes (m/s), (a) XZ plane (y = 0) (b) XY plane (y = 0) and (c) YZ plane (x = 72).
Fig. 13. Line scan EPMA result of the composition profiles in 0.4 mm and 5.5 mm
(bulk) diameter and 40 mm long ingots of Al-4 wt%Cu alloy unidirectionally
solidified with Bridgman furnace at 0.4 lm/s [24].
Fig. 14. Solute redistribution obtained by simulation using experimental conditions
from Lee et al. [24].
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The solidification model used in this research was validated in
our previous work [16], where the model was tested and compared
against experimental results from literature [26]. In that case, themodel was used to simulate Bridgman growth of 0.4 mm and
5.5 mm diameter ingots of Al 4 wt%Cu in absence of external melt
convection at a casting speed of 0.4 lm/s. There was good agree-
ment between practical compositional results obtained (Fig. 13)
and simulation results (Fig. 14) showing that the model is capable
of computing the solidification process under consideration.
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The effects of axial and transverse external melt stirring meth-
ods on solute redistribution during Ohno Continuous Casting were
investigated using numerical simulation. This was achieved
through mechanical stirring of the melt by using the same stirring
intensity to produce axial and transverse convective flow fields.
The effect of stirring methods (axial and transverse) on solute
transport from the solute boundary layer at the solid-liquid inter-
face was analyzed using CFD Fluent 12.1 software. The obtained
results show that:
Axial stirring is more effective in solute transport than trans-
verse stirring, but its effectiveness is limited by the shape of the
solid-liquid interface.
Transverse stirring is effective in uniformly stirring the melt
compared to axial stirring since axial stirring velocity fields cover
a small area/volume compared to those occupied by transverse
velocity flow fields.
To uniformly thin the solute boundary layer, axial stirring
method is suitable when the solid-liquid interface is more flat
since the solute boundary layer will be experiencing uniform axial
velocity magnitudes and will not be destabilized under optimum
stirring.
For concave interfaces, axial stirring cannot uniformly thin the
solute boundary layer and transverse stirring with adequate veloc-
ity magnitudes is a better option since it can uniformly thin the
solute boundary layer without destabilizing it.Acknowledgement
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are, Zimbabwe for providing some of facilities used in carrying
out this work.References
[1] W. Kurz, D.J. Fisher, Fundamentals of Solidification, third ed., Trans Tech
Publications, Aedermannsdorf, Switzerland, 1989.
[2] H.J. Kim, A. Chandola, R. Bhat, P.S. Dutta, Forced convection induced thermal
fluctuations at the solid–liquid interface and its effect on the radial alloy
distribution in vertical Bridgman grown Ga1xInxSb bulk crystals, J. Cryst.
Growth 289 (2) (2006) 450–457.
[3] J.A. Burton, R.C. Prim, W.P. Slichter, The distribution of solute in crystals grown
from the melt. Part I. Theoretical, J. Chem. Phys. 21 (11) (1953) 1987–1991.
[4] P. Dold, K.W. Benz, Rotating magnetic fields: fluid flow and crystal growth
applications, Prog. Cryst. Growth Charact. Mater. 38 (1) (1999) 39–58.[5] W.C. Yu, Z.B. Chen, W.T. Hsu, B. Roux, T.P. Lyubimova, C.W. Lan, Reversing
radial segregation and suppressing morphological instability during Bridgman
crystal growth by angular vibration, J. Cryst. Growth 271 (3) (2004) 474–480.
[6] Y.C. Liu, B. Roux, C.W. Lan, Effects of accelerated crucible rotation on
segregation and interface morphology for vertical Bridgman crystal growth:
visualization and simulation, J. Cryst. Growth 304 (1) (2007) 236–243.
[7] C.W. Lan, Effects of axial vibration on vertical zone-melting processing, Int. J.
Heat Mass Transfer 43 (11) (2000) 1987–1997.
[8] J.B. Mullin, K.F. Hulme, The use of electromagnetic stirring in zone refining, Int.
J. Electron. 4 (2) (1958) 170–174.
[9] C.W. Lan, I.F. Lee, B.C. Yeh, Three-dimensional analysis of flow and segregation
in vertical Bridgman crystal growth under axial and transversal magnetic
fields, J. Cryst. Growth 254 (3) (2003) 503–515.
[10] C.W. Lan, B.C. Yeh, Three-dimensional simulation of heat flow, segregation,
and zone shape in floating-zone silicon growth under axial and transversal
magnetic fields, J. Cryst. Growth 262 (1) (2004) 59–71.
[11] N. Ma, J.S. Walker, Electromagnetic stirring in crystal growth processes, FDMP
Fluid Dyn. Mater. Process. 2 (2) (2006) 119–126.
[12] C. Stelian, D. Vizman, Numerical modeling of frequency influence on the
electromagnetic stirring of semiconductor melts, Cryst. Res. Technol. 41 (7)
(2006) 645–652.
[13] D.V. Lyubimov, T.P. Lyubimov, A.A. Cherepanov, N.I. Lobov, V.V. Vasilyev, B.
Roux, Vibration effect on morphological instability of planar solidification
front, J. Cryst. Growth 303 (1) (2007) 269–273.
[14] M.V. Farrell, N. Ma, Macrosegregation during alloyed semiconductor crystal
growth in strong axial and transverse magnetic fields, Int. J. Heat Mass
Transfer 47 (14) (2004) 3047–3055.
[15] J.S. Walker, Bridgman crystal growth with a strong, low-frequency, rotating
magnetic field, J. Cryst. Growth 192 (1) (1998) 318–327.
[16] S. Fashu, L. Jianguo, H.Q. Dan, Purification of an industrial aluminum alloy by
melt stirring during Ohno continuous casting process, J. Metals Mater. Miner.
21 (1) (2011) 49–56.
[17] S. Fashu, Electromagnetic braking of natural convection during Ohno
continuous casting of an industrial aluminum alloy, Int. J. Nonferrous Metall.
4 (4) (2005) 37.
[18] M. Okayasu, S. Takeuchi, Crystallization characteristics of cast aluminum
alloys during a unidirectional solidification process, Mater. Sci. Eng. A 633
(2015) 112–120.
[19] G. Motoyasu, H. Soda, A. McLean, Z. Wang, Pilot-scale casting of single-crystal
copper wires by the Ohno continuous casting process, J. Mater. Sci. 30 (21)
(1995) 5438–5448.
[20] A. Ohno, Continuous casting of single crystal ingots by the OCC process, JOM
38 (1) (1986) 14–16.
[21] H. Soda, G.Motoyasu. McLean, A note on casting speed of Ohno continuous
casting process, Mater. Sci. Technol. 26 (8) (2010) 1015–1016.
[22] A. Ohno, Solidification: the separation theory and its applications, Cryst. Res.
Technol. 23 (1988) 10–11.
[23] W.D. Bennon, F.P. Incropera, A continuum model for momentum, heat and
species transport in binary solid-liquid phase change systems—I. Model
formulation, Int. J. Heat Mass Transfer 30 (10) (1987) 2161–2170.
[24] W.D. Bennon, F.P. Incropera, A continuum model for momentum, heat and
species transport in binary solid-liquid phase change systems-II. Application
to solidification in a rectangular cavity, Int. J. Heat Mass Transfer 30 (10)
(1987) 2171–2187.
[25] W.A. Tiller, K.A. Jackson, J.W. Rutter, B. Chalmers, The redistribution of solute
atoms during the solidification of metals, Acta Metall. 1 (1953) 428–437.
[26] J.H. Lee, L. Shan, H. Miyahara, R. Trivedi, Diffusion coefficient measurement in
liquid metallic alloys, Metall. Trans. B 35 (2004) 909–917.
